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Background: The subdivision of T cells into o13 and y8
subtypes is conserved throughout vertebrate devel-
opment. The respective ap and y8 T-cell receptors
(TCRs) are encoded by somatically rearranged genes.
There has been broad speculation as to whether an indi-
vidual thymocyte can become either a y8 T cell or an
ao1 T cell as a result of stochastic gene rearrangement
processes, or whether the two types of T cell are derived
from separate lineages. Many of the experimental find-
ings are apparently conflicting, however, and the issue -
a basic one in immunology and development - remains
unresolved.
Results: To address this issue, we have used the recently
developed polymerase chain reaction-restriction fragment
length polymorphism (PCR-RFLP) technique, which
allows us to examine quantitatively the status of TCR y
and 8 genes in postnatal ap T cells and their progenitors.
Interestingly, such cells are depleted of productively
rearranged 8 and y genes, which can encode 8 and y
TCR polypeptide chains. However, in mice that can
rearrange TCR8 gene segments, but in which the TCR8
gene is non-functional in other respects, no such
depletion of productive rearrangements is seen.
Conclusion: The quantitative data that we have
obtained fulfill the predictions of the stochastic hypothe-
sis: that is, a progenitor T cell first attempts to become a
/y8 T cell and, if unsuccessful, then attempts to become an
t13 T cell. Thus, oat3 and y8 T cells can derive from a
common precursor thymocyte. In the simplest case,
therefore, lineage-determining factors are the successful
rearrangement of both y and 8 genes before TCRax gene
rearrangements occur, which lead to deletion of the
TCR8 locus and thereby preclude further y8 T-cell dif-
ferentiation. In contrast, successful rearrangement of the
TCR3 locus remains compatible with cells becoming
either y8 or ad3 T cells.
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Introduction
In all vertebrates examined, there are two distinct types
of T cell. One type expresses on its cell surface a disul-
phide-linked heterodimeric T-cell receptor (TCR) com-
posed of o and 3 subunits [1]. The other type expresses a
cell-surface TCR composed of -y and 8 subunits [2-5].
Both TCRs are encoded by variable (V), diversity (D)
and joining ) gene segments, which recombine during
intrathymic T-cell development. Flexibility in this process
can endow the TCRs with great diversity. But two out
of three V(D)J recombination events are 'out-of-frame'
or 'non-productive', because they disrupt the contiguous
reading frame initiated at the ATG initiation codon of
the V gene segment. The one third of rearrangements
that preserve the reading frame, and can potentially
encode a functional TCR subunit, are termed 'in-frame'
or 'productive'.
The functional and developmental relationship between
ap and y8 T cells has been of intense interest. It is clear
that the biological function of most o3 T cells is to re-
spond to diverse foreign antigens presented as peptides on
the major histocompatibility complex (MHC) molecules
of antigen-presenting cells (reviewed in [6]). In this capa-
city, o13 T cells make a major contribution to host de-
fence. In contrast, the function of y8 T cells is unresolved,
although most of the available data suggest that they do
not recognize peptide antigens presented by MHC mol-
ecules and are distinctly different from otl3 T cells [7,8].
These differences notwithstanding, ot3 and y8 T cells
have many similarities. For example, the TCR in each
case is co-expressed at the cell surface with a set of pro-
teins - collectively termed CD3 - responsible for sig-
naling to the cell that the TCR has been engaged
(reviewed in [9]). Furthermore, both sets of T cells
develop mostly in the thymus, and sets of progenitor thy-
mocytes have been purified and shown to give rise to
both cell types after adoptive transfer [10,11]. Such
experiments suggested an immediate common origin for
the two cell types, but the results were vulnerable to the
charge that distinct precursors had been co-purified and
gave rise to two distinct lineages. Therefore, to resolve
the issue of whether ca3 and yb T cells share a late com-
mon precursor cell, several molecular genetic studies
have been undertaken.
Unfortunately, such studies have produced seemingly
conflicting data. Some favour the view that ot3 and yB T
cells share a late common precursor. For example, numer-
ous ot3 T cells and cell lines contain TCRy genes that
are mostly out-of-frame ([12-15]; and see Discussion),
suggesting that those cells that formed productive TCR-y
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joins were pre-directed to become y8 T cells, and that
t[ T cells formed from the residue. A parallel analysis of
TCR8 genes is more complicated, because the 8 gene
cluster lies within the TCRot locus (Fig. la) and the 8
genes are excised as a circular piece of DNA in most 3
T-cell lines, presumably during the rearrangement of the
TCRct gene [16]. However, one attempt to analyze these
'8 gene circles' [17] indicated that they contained rear-
ranged TCR8 genes, again consistent with the concept
that thymocytes first attempt to rearrange TCR y and 
genes (Fig. la). But, at the same time, the authors of a
similar study [18] concluded just the opposite: that o3 T
cells and yS T cells diverged as separate lineages early in
thymocyte development. This conclusion was based on
their finding that the excised 8 gene circles contained
unrearranged 8 genes (Fig. la).
Recently, we developed a technique - known as poly-
merase chain reaction-restriction fragment length poly-
morphism (PCR-RFLP) - that facilitates the charac-
terization of polyclonal T-cell or B-cell populations
according to the status of their TCR or immunoglobu-
lin gene rearrangements, respectively [19]. The basis of
the technique is the amplification, by PCR, of V(D)J
gene rearrangements, and their resolution on a sequenc-
ing gel (Fig. lb; the distance between the primers in the
germ-line state is too large to permit amplification of
unrearranged genes under the conditions used). Because
the starting population is polyclonal, the rearrangements
will vary in sequence length across V(D)J junctions. In a
population in which gene rearrangements are random
and unselected, approximately 33 % of the signal would
correspond to in-frame, productive lengths, as deter-
mined by comparison with the parallel migration of
bands in a known sequence ladder [19]. If, by contrast,
the population has been selected on the basis of produc-
tive rearrangement of the genes under examination,
around 71 % of the fragments would be productive (see
Materials and methods and [19]), with a periodicity of
three nucleotides (Fig. lb). Alternatively, if there is a
selection in the population against in-frame rearrange-
ments, there will be a relative depletion every three
nucleotides (Fig. lb).
We previously used PCR-RFLP to demonstrate that,
during ox3 T-cell development, thymocytes require a
productively rearranged TCRP gene in order to transit
from one stage (referred to as HSAhi CD441o CD25+), in
which TCRP genes are rearranging, to the next (HSAhi
CD441o CD25-). This was manifest as the evolution of an
in-frame [3 gene rearrangement pattern in the HSAhi
CD441o CD25- subset, from a random pattern seen in
the preceding HSAhi CD4410 CD25+ subset. The require-
ment for a productively rearranged 3 gene precedes the
rearrangement of TCRot genes [20], which indicates
that ot3 T-cell development is mediated by a 'pre-TCR'
that includes a rearranged 3 chain [21]. An exactly analo-
gous situation exists in B-cell development, where a
pre-B-cell receptor forms, incorporating the products
of productively rearranged immunoglobulin heavy chain
genes, facilitating further B-cell development, before
immunoglobulin light chain gene rearrangement can take
place [22,23].
As so many mechanisms are conserved in lymphocyte
development, we wondered whether productive TCR8
gene rearrangement was likewise required in order. to
pass through an early thymocyte-differentiation event. If
so, early T-cell progenitors might show a largely produc-
tive rearrangement pattern at the TCR8 locus. Although
thymocyte development has advanced several steps by
the time the HSAhi CD441 0 CD25+ stage is reached, and
these cells are predominantly progenitors of ca3 rather
than y T-cells, little TCRt gene rearrangement has yet
commenced. The TCR8 genes should therefore not
have been excised, and they should be available for ana-
lysis. However, rather than being enriched for productive
TCR8 gene rearrangements, we find in the present study
that o3 T cells and their progenitors are distinctly deple-
ted of productive 8 rearrangements. Quantitation of
the data reveals the observations to be consistent with
the hypothesis that a significant fraction of thymocytes
become o T cells after failing to become y T cells;
that is, they can share a late common precursor. This is
represented in Figure la by the left-hand pathway.
Results
Rearrangements of the TCR§ gene
HSAhi CD4410 CD25+ thymocytes are early T-cell pro-
genitors that do not express either of the CD4 or CD8
co-receptors - they are 'double negative' cells. These
cells predominantly mature through a CD25- stage to
become CD4+CD8 - 'double positive' - cells, which
comprise the vast majority of thymocytes. Double posi-
tive cells can, in turn, give rise to CD4+ or CD8+ o3 T
cells, so-called 'single positive' cells. However, a smaller
fraction of HSAhi CD441o CD25+ thymocytes can also
become yb T cells [10]. Because HSAhi CD441 ° CD25+
thymocytes have mostly not yet commenced TCRot
gene rearrangement, we used these cells to examine the
status of the TCR8 locus rearrangements in cells that are
mostly or3 T-cell progenitors. Cells were purified from
4-6 week old thymi and genomic DNA was prepared as
previously described [20]. The PCR-RFLP technique
was employed as outlined in Figure lb.
Using primers for V85 and J81, it was possible to amplify
V85-J81 rearrangements. When these were analyzed,
they proved to encompass a broad set of polymorphic
rearrangements (Fig. 2a, lane 1). We have previously esti-
mated that a gel track such as this represents approx-
imately 80-100 V-(D)J rearrangements [19]. Interestingly,
the V85-J81 rearrangements in the CD25+ progenitor
cells were depleted of productive rearrangements: only
22 % were in-frame (Fig. 2a, lane 1; shown densitometri-
cally in Fig. 2d). This depletion of productive gene
rearrangements in T-cell precursors was consistent with
the hypothesis that, prior to the HSAhi CD441 ° CD25+
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Fig. 1. (a) Two models for the rearrangement of TCR a and 8 genes in cup T cells (see Introduction). (b) Flow chart demonstrating the
PCR-RFLP technique that was used to distinguish between the models described in (a).
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Fig. 2. V85-J81 analysis. (a) PCR-RFLP
analysis of V85-J81 rearrangements in
HSAh' CD44 1o CD25+ thymocytes (lane
1), shown next to a sequencing ladder
(lanes A, C, G and T). (b) PCR-RFLP
analysis of V85-J81 rearrangements in
TCRo -/ - thymocytes (lane 1), in periph-
eral ap3 T cells (lane 2), TCR[3-/- thymo-
cytes (lane 3), and TCRP/- peripheral T
cells (lane 4), shown next to a sequenc-
ing ladder. (c) PCR-RFLP analysis of
V85-J81 rearrangements in TCR3-/- thy-
mocytes (lane 1) and TCR 8 -/ - thymo-
cytes (lane 2), shown next to a partial
sequencing ladder. (d-g) Densitometric
scans of: (a), lane 1; (b), lane 2; (b), lane
4 and (c), lane 2, respectively.
stage, a set of cells with productive TCR8 rearrange-
ments had been removed to become y8 T cells.
To test whether this depletion persists in successive stages
of at3 T-cell precursor development, we examined dou-
ble positive cells (which do not give rise to yb T cells
[10]). A particularly rich source of these cells is the thymi
of mice that lack functional TCRot genes (TCRot- / -
mice); subsequent maturation of double positive to single
positive cells cannot occur in these animals because of the
congenital incapacity to synthesize an ol3 TCR, and
around 98 % of the thymocytes in such mice are double
positive [24]. We therefore used the thymi from TCRot- / -
mice as a source of late-stage aot T-cell progenitors. Sur-
prisingly, it was very easy to amplify rearranged V-(D)J 
gene rearrangements from these progenitors, suggesting
that although TCRoL gene rearrangement is active in
double positive cells (the TCRot- / - mutation does not
reduce TCRot gene rearrangement, because the muta-
tion is in the C coding region, distal to the DNA
sequences that mediate. gene rearrangement [24]), rear-
ranged TCR8 genes are still present, on the other chro-
mosome relative to TCRat rearrangement, and/or on
excised DNA circles. The PCR-RFLP (Fig. 2b, lane 1)
showed that they were similarly depleted of productive
V65-J61 rearrangements (23.6 % in-frame).
To determine whether the depletion of in-frame 
rearrangements in thymocytes persists in mature cells, we
examined peripheral c13 T cells isolated from the lymph
nodes of normal mice. Yet again, rearranged TCR8
genes. were substantially retained and could be amplified.
That they are depleted of productive fragments is shown
in Figure 2b, lane 2 (19 % in-frame; shown quantitatively
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Fig. 3. V64-J81 rearrangements. (a) PCR-RFLP analysis of V84-J81 rearrangements from TCR8/- thymocytes (lane 1) and normal
thymocytes (lane 2). (b) Densitometric analysis of lane 2 from (a). (c) Densitometric analysis of lane 1 from (a). (d) Densitometric
analysis of V64-J61 rearrangements from TCR3 -/ - thymocytes (gel not shown).
in Fig. 2e). Thus, in three samples of cells examined at
successive points along the t3 T-cell maturation pathway,
there is an average of only 21.5 % productive V85-J61
rearrangements. As controls, thymocytes and peripheral
lymphocytes from TCR3- / - mice were included. In
these mice, all the T cells are y6 T cells [25], and they
demonstrate an overwhelmingly in-frame TCR8 gene
rearrangement pattern (Fig. 2b, lanes 3 and 4; Fig. 2f).
We used TCR8-/ - mice in order to test genetically
whether the depletion of productive rearrangements was
due to an earlier diversion of many of the cells that could
synthesize the y8 TCR toward the y T-cell pool. In
TCR8-/ - mice [26], gene rearrangements occur nor-
mally, but no TCR8 protein can be made. Thus, even
cells that have potentially productive rearrangements
could not be committed to the y8 T-cell pool, so the
subsequent o[3 T-cell progenitors should not, therefore,
be depleted of productive TCR8 gene rearrangements.
This was precisely what we observed (Fig. 2c, lane 2).
The frequency of productive rearrangements is now 32 %
(Fig. 2 g), compared to the average of 21.5 % in normal
or TCR - / - thymocytes (see, for example, Figs 2d and
2e), and 66 % in TCR3 -/ - thymocytes (Fig. 2f).
To demonstrate that the apparent depletion of productive
8 gene rearrangements is not unique to V85-J61, we
completed a parallel set of studies for V64-J61 (note that
we limited analyses to J61 rearrangements, because these
are by far the most common). Once more, productive
rearrangements were depleted in normal thymocytes, and
the phenotype was suppressed by mutation of the TCR8
gene. An example of the data is given in Figure 3a, which
shows rearrangements in adult thymocytes from normal
mice (lane 2) and from TCR - / - mice (lane 1). Figures
3b-d are densitometric scans of the PCR-RFLP gel data
from normal mice, TCR8-/ - mice and TCR3 - /- thymo-
cytes, respectively; TCR[3- /- thymocytes were again used
as controls, to demonstrate in-frame enrichment in a sit-
uation in which all of the T cells are y8 T cells. The
quantitation of depletion (21 %) is almost exactly that
observed for V85-J61 (21.5 %). Direct DNA sequencing
has allowed us to demonstrate the reliability of using
PCR-RFLP to estimate productive and non-productive
rearrangements. Together, the gels shown in Figures 2 and
3 probably sample over 700 TCR8 gene rearrangements.
The depletion observed is partial rather than total, sug-
gesting that another molecule is involved in the removal of
cells that can express protein from the t3 T-cell pro-
genitor pool. The obvious candidate is TCRy. We hypo-
thesized that, if cells cannot make TCRy, they cannot be
committed to the y T-cell pool, irrespective of their 
rearrangement status, and should be available as precursors
for ca3 T cells. According to this revised model (summa-
rized in Fig. 4), the early precursors are not committed to
either lineage. Rather, with all genes in an unrearranged
state, they could potentially become either t3 or y6 T
cells. Based on our observations, however, we propose that
they attempt first to become y8 T cells (there are several
studies indicating that TCR8 genes rearrange first in thy-
mocytes [27-29]; Fig. 4 and Fig la, pathway on the left).
If the cells fail to make both a productive 8 and a produc-
tive y gene rearrangement, they are available to attempt to
become oa3 T cells, and enter the HSAhi CD44 10 CD25 +
pool. Such cells would be a mixture of those that non-
productively rearranged VDJ6 and/or VJy, as well as some
that failed to complete VDJ8 and/or VJy rearrangements,
for example, by completing only DJ rearrangements.
From this mixture, only those completing V(D)J rear-
rangements are sampled by the PCR-RFLP technique.
Following the scheme shown in Figure 4, 56 of every 81
starting cells completing VDJ8 and VJy rearrangement
would end up unable to become a yb T cell, and thus
would be available to attempt to become an atp T cell.
These cells would contain 80 non-productively rear-
ranged TCR8 alleles, and 20 productively rearranged
TCR8 alleles. In reality, some cells will also enter the
HSAhi CD441° CD25 + pool, not only because they have
failed to make productive and y rearrangements, but
also because they have productively rearranged one of the
loci (most likely , as it probably rearranges earlier), but
as yet have not attempted the second locus. These cells
would slightly increase the prevalence of productively
rearranged TCR8 genes in the HSAhi CD441° CD25+
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Fig. 5. Vyl-J-y4 rearrangements. PCR-RFLP analysis of Vy1-Jy4
rearrangements in (lane 1) TCR3-/ - thymocytes, (lane 2) normal
thymocytes, and (lane 3) peripheral ctd T-cells, shown next to a
sequencing ladder.
Fig. 4. 'Successive-rearrangement model' for T-cell development.
As shown, 56 dp T cells (12+8+36) would derive from every 81
cells following this pathway. This would require that they have
an out-of-frame rearrangement of either the or y genes. The
predicted proportion of in-frame alleles is shown to be 20 %
(there are four non-productively rearranged alleles for each
productively rearranged allele; see text). The assumption is that
the denoted ap subset (highlighted by a yellow box) is able to
rearrange randomly at the y locus, as there is no possibility of
making a y TCR. The predicted proportion of in-frame
rearranged TCR y genes is < 20 % (see Materials and methods for
calculation). Allele states are indicated by + (in-frame), - (out-of-
frame) and g (germ-line). Numbers in parentheses indicate the
number of cells that would be expected to constitute a given
subset, from an original 81 T-cell precursors.
pool to just above 20 %. This prediction is in striking
agreement with the observed value of 22 %, and the
average value of 21.5 % for the various combinations of
enriched otI3 T cells and their progenitors that we have
examined. However, to test this hypothesis further, we
also examined TCRy gene rearrangements.
Rearrangements of the TCR'y gene
Statistical analysis based on the 'successive rearrangement'
model (Fig. 4) predicts that around 20 % of the 
rearrangements found in o 3 T cells or their direct prog-
enitors will be in-frame, rather than the 33 % expected
by chance alone, or the 71 % expected if productive 8-
gene rearrangement were an obligate part of o4 T-cell
development. Furthermore, this model predicts that only
around 20 % of the rearranged y genes found in oa3 T
cells will be in-frame (see Materials and methods).
Figure 5 shows an analysis of Vyl-Jy4 rearrangements.
Lane 1 shows the pattern from TCRW- / - thymocytes
(58 % in-frame), lane 2 the pattern from double positive
thymocytes from a normal mouse (19 % in-frame), and
lane 3 the pattern from peripheral ol3 T cells from a nor-
mal mouse (18 % in-frame). These data are again highly
consistent with the quantitative predictions made by our
model. That is, rather than showing a random pattern of
rearrangement, mature od3 T cells and total thymocytes
exhibit the predicted depletion of productive y gene rear-
rangements. This provides further evidence that at least a
portion of oa3 T cells first passed through a stage during
which they rearranged 8 and y genes in an attempt to
make a y8 T-cell receptor. Having failed in that, they
went on to become caup T cells.
Rearrangements of the TCRE gene
The model proposed in Figure 4 places the emphasis for
T-cell developmental fate on the outcome of rearrange-
ment at the y and 8 loci. Cells succeeding in productive
rearrangements at both loci commit to becoming y/ T
cells, whereas those cells that fail to productively rear-
range both sets of gene are available to become o3 T
cells in the double negative HSAhi CD441° CD25+ thy-
mocyte pool. But, as mentioned above, this pool will also
contain cells that have, as yet, incompletely rearranged y
or 8, and that could therefore still become y8 T cells. By
contrast, the subsequent double positive pool seems to
contain essentially no y8 precursors [10]. We therefore
wondered what might limit the capacity to become a y8
T cell. One candidate factor was productive rearrange-
ment of TCRP genes [19] and the expression of the pre-
TCR [21] that largely determines the capacity of cells to
leave the HSAhi CD4410 CD25+ pool.
Attractive though this hypothesis is, our earlier data
showed that, in TCRot-/ - mice, some y8 T cells contain
productive rearrangements of the TCRP gene, suggest-
ing that productive 3 gene rearrangement per se does not
significantly influence T-cell fate in this way [20]. In fact,
because double negative precursor cells expand in num-
ber directly after productive rearrangement of the TCRP
A late common precursor thymocyte Dudley et al.
genes [20,30], more of the yb T cells derived from thy-
mocytes at around this stage in development will have
productive rather than non-productive TCR3 gene rear-
rangements, a result borne out by our earlier analysis.
However, because our earlier results were obtained using
lymph node yb T cells expanded in TCRo- / - mice, we
wished to extend our findings to normal y/ T-cell popu-
lations. Thus, we have examined various TCR[3 gene
rearrangements in lymph node and epithelial y8 T cells
from normal mice.
An analysis of V313-J32.2 rearrangements in peripheral
yb T cells of normal mice is shown in Figure 6a, lane 2.
The pattern is almost identical to that seen in total thy-
mus (lane 1), and both show approximately 70 % in-
frame rearrangements. Figure 6b shows the FACS profile
of the population from which these cells were derived.
Figure 6c shows a re-analysis of the cells post-sorting,
confirming that the substrate suffered negligible contam-
ination from an3 T cells. Thus, productive 3 gene rear-
rangements do not preclude cells from becoming yb T
cells, and can be readily found in lymph node y8 cells.
This analysis was extended to gut y8 intra-epithelial
lymphocytes (IELs), a major fraction of which are thymi-
cally derived [31]. Figures 7a and 7b show the patterns of
VP34-JP32.5 and V316-JP32.2 rearrangements from yb gut
IELs. In each of these cases, we were able to detect
TCR3 gene rearrangement in the yb T cells. Further-
more, most of these rearrangements were in-frame. This
result indicates that some fraction of yb IELs can also
be derived from a late precursor (after TCR3 rearrange-
ment) and that productive 3 rearrangement does not pre-
clude differentiation into an intraepithelial yb T cell.
Given these findings, we believe that a factor other than
productive 3 gene rearrangement subsequently abrogates
y8 T-cell potential (see Discussion).
Finally, we examined TCR13 gene rearrangement in yb
dendritic epidermal T cells. These cells are primarily
thymically derived, but they differentiate very early in
fetal thymic development, before the establishment of the
major T-cell maturation pathway [32]. TCRI3 gene
rearrangements could be amplified from dendritic cells,
but the pattern was distinct. In the case of both
VP134-J2.2 and VP5-J32.6 (Figs 7c and 7d), the patterns
were 'episodic'. Although there were productive re-
arrangements, they were the minority, and, in contrast to
'y lymph-node T cells or gut IELs, there was no evi-
dence that the population harbouring rearranged TCR3
genes arose after selection for productive rearrangement
of the 13 genes. This is consistent with the fact that
dendritic epidermal cells arise early in development and
that they possibly comprise a distinct T-cell lineage.
Discussion
Our studies demonstrate that ot3 T cells and their imme-
diate progenitors carry a molecular record of depletion
Fig. 6. V31 3-J{,2.2 rearrangements. (a)
PCR-RFLP analysis of V31 3-J132.2 rear-
rangements in thymocytes (lane 1) and
peripheral y T-cells (lane 2), shown
next to a sequencing ladder. (b) FACS
profile of peripheral lymphocytes prior
to sorting; analysis was conducted on
the Thy-1+ TCR y8+ (R3) population.
(c) Post-sorting re-analysis of R3 cells
from (b).
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significant numbers of c3 T cells developed. They attrib-
uted this to an alternative mode of lineage development,
whereby y genes (and hence transgenes) are silenced spe-
cifically in cells committed to becoming o3 T cells. But
their data may just as easily be interpreted as resulting
from non-specifically variable expression levels of the par-
ticular transgene used, a common occurrence with trans-
genes. For example, they provided data which suggested
that up to 20 % of the yo T cells expressed a non-trans-
gene-encoded ya TCR. As this would presumably have
resulted from the low expression of the transgene, which
failed to establish allelic exclusion of endogenous yb gene
rearrangement, it is likely that the transgene was very
poorly expressed not only in many ct T cells, but also in
-ya T cells. At the same time, the fact that the transgenic
mice contained four times the usual number of y T cells
indicates that a significant number of at3 progenitors
expressed the transgene, and thus were committed to a
y8 fate, and denied an tup fate. Similarly, the report by
Dent et al. [34] of a second class of y8 transgenic mice, in
which ox,3 T cells developed relatively normally, was again
likely to be due to poor expression of the transgene.
Fig. 7. y8 subset analysis. (a) PCR-RFLP analysis of V04-J[32.5 rear-
rangements in (lane 1) thymocytes and (lane 2) gut ya intra-epithe-
lial lymphocytes, shown next to a sequencing ladder. (b) PCR-RFLP
analysis of V31 6-J32.2 rearrangements in (lane 1) thymocytes and
(lane 2) gut y intra-epithelial lymphocytes, shown next to a
sequencing ladder. (c) PCR-RFLP analysis of V134-Jf2.2 rearrange-
ments in (lane 1) thymocytes and (lane 2) dendritic epidermal T-
cells, shown next to a sequencing ladder. (d) PCR-RFLP analysis of
V35-J32.6 rearrangements in (lane 1) dendritic epidermal T-cells
and (lane 2) thymocytes, shown next to a sequencing ladder.
of productively rearranged TCR8 chain genes. We have
devised a simple model to explain this (Fig. 4), which
makes two explicit predictions: firstly, productive 8 rear-
rangements are relatively depleted in a3 T cells, and sec-
ondly, this phenotype should be suppressed by a TCRb
gene mutation. Both predictions are fulfilled by the data
presented here. The conclusion is that some proportion
of oa T cells are failed yb T cells. In fact, for reasons
discussed below, that proportion is likely to be large.
Numerous findings are consistent with the proposed
model. Firstly, TCR 8 genes are claimed to be the first to
rearrange [27-29]. Secondly, artificially enforced success
at yb T-cell development, through the provision of rear-
ranged transgenes, frequently reduces c T-cell develop-
ment very significantly [33,34]. These data are best
explained if a significant fraction of a3 T-cell develop-
ment occurs after a trial-and-error approach to y8 T-cell
development.
Other studies using transgenic mice, however, present
apparently conflicting data. Ishida et al. [35] and Bon-
neville et al. [33] described yb transgenic mice in which
Thirdly, we note that that a further yb transgenic mouse,
made by Bonneville et al [33] using the dendritic epider-
mal cell TCR genes, abrogated oa3 T-cell development
only in very young mice, but not in mice over three
Weeks of age. As dendritic epidermal cells require a fetal
or perinatal thymus-in which to develop [36], it is possible
that these cells' TCRs either cannot engage the stroma
after this period, or are down-regulated in postnatal pro-
genitors; as a result, there would be no signal to indicate
to TCR-bearing dendritic cells developing three weeks
post partum that they had completed the y8 TCR forma-
tion. These cells would therefore begin to become avail-
able for o13 T-cell differentiation. A distinct pathway for
the formation of dendritic epidermal cells is supported by
the results described here.
Other data that are not as readily explained are those of
Winoto and Baltimore [18]. We regard as improbable the
suggestion that 8 genes are excised in the germ-line con-
figuration and then rearranged on the excised circles for
two reasons. We cannot explain why, firstly, there would
be a depletion in the number of in-frame rearrangements,
and secondly, why that depletion would be suppressed
in the TCR8- /- mouse. The analysis of free circles, as
undertaken by Winoto and Baltimore [18], may be an
inherently challenging experiment.
We were surprised that we could so readily detect TCR8
gene rearrangements in double positive cells and in
lymph node a3 T cells. Moreover, the complexity of the
PCR-RFLP patterns (Figs 2 and 3) indicates that large
numbers of rearrangements had probably been sampled.
Consistent with these findings are data in the published
literature that bear on the extent to which the TCR y
and loci are rearranged in ot3 T cells. Recently, it has
been shown that total thymocytes have an almost com-
plete absence of J8 in the germ-line configuration [37].
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In its place, a significant fraction of J8 is rearranged to
V8, as measured by Southern blot analysis using J8 and
several Vb probes. Consistent with this finding is the pre-
vious observation that the J2 gene segment is substan-
tially rearranged in thymic DNA, over and above simple
D-J rearrangements (see [5]). These results seem to be
strongly supported by extensive, multiple rearrangements
detected in double negative thymocytes by Southern
analysis using the same probe (see [16]).
The TCR'y locus has also been shown to be extensively
rearranged in ot3 T cells and their precursors. Analysis of
double negative thymocytes using Vy and Cy probes
revealed that over 60 % had carried out y rearrangements
(see [16]). This result was confirmed and the observation
extended to include total thymocyte populations and
peripheral T cells [38]. Finally, examination of cx3 T-cell
lines has revealed that they have multiple y gene
rearrangements. Specifically, in 14 cell lines, 35 TCRy
rearrangements were reported, only 5 of which were in-
frame [12-15]. This figure of 14-15 %, from a compila-
tion of several small sample sets [12-15] is strikingly
consistent with the figure of less than 20 % predicted for
in-frame y rearrangements in oa3 T cells according to the
model in Figure 4, where thymocytes failing to become
ya T cells then attempt to become ox3 T cells. Taken
together, the general agreement of these various sets of
observations with the developmental pathway we are
proposing suggests that the pathway is a major one.
Why do double positive cells contain very little ya pre-
cursor potential compared to the preceding stage, HSAhi
CD4410° CD25+ thymocytes? Our data indicate that the
productive rearrangement of the TCRI3 gene and the
presumed expression of the pre-TCR are not lineage-
commitment events that preclude y§ T-cell development.
Indeed, the proposal that all ya T cells split -from aot
progenitors prior to the TCR3 'selection' event [39] is
consistent neither with our previous data [20] nor with
the data presented here.
Rather, it is most likely that the completion of lineage
commitment depends on the timed activation of the
TCRot enhancer, which approximately coincides with
transition to the double positive stage. This would pro-
mote TCRot gene rearrangements that would unavoid-
ably delete the 8 locus (Fig la) [29]. If a thymocyte has
not managed to become a yb T cell by that time, it loses
its opportunity. We would propose that such thymocytes
are a mixture of cells including: those that, prior to
TCRot-enhancer activation, had non-productively rear-
ranged the VDJ§ gene segments; those that productively
rearranged VDJ8 but non-productively rearranged VJy;
and those that failed to complete VDJ8 and/or VJy
rearrangements. It is possible that TCRa-enhancer activa-
tion is, in part, timed from the onset of pre-TCR expres-
sion. Therefore, early expression of a pre-rearranged
TCRJ3 gene would accelerate TCRa gene rearrangement
and would severely reduce the time window available for
thymocytes to become y/ T cells [40].
Finally, our results, although differing in specific details,
are generally consistent with previous speculations regar-
ding the nature of the relationship between o43 and y6 T
cells [41,42]. Our findings are also consistent with data
emerging from studies of human T-cell development.
The vast majority of human oa3 T cells have rearranged y
genes on both chromosomes, generally in a non-produc-
tive fashion [43]. Furthermore, studies of human T-cell
lines derived from patients with acute lymphoblastic leu-
kemia have shown that both the y and 8 genes are often
rearranged in oa3 T-cell lines [44,45], and that the TCR3
gene is often rearranged in y6 T-cell lines [46,47].
Conclusions
The quantitative data that we have obtained fulfill the
predictions of the stochastic hypothesis shown in Figure
4. According to this model, a progenitor T cell first
attempts to become a y8 T cell, but if unsuccessful it then
attempts to become an ot3 T cell. Thus, oa3 and y8 T
cells can derive from a common precursor. Factors that
determine which lineage thymocytes will enter are the
successful rearrangement of both y and genes before
TCRxo gene rearrangement occurs, leading to deletion of
the TCRB locus and precluding further y8 T-cell differ-
entiation. In contrast, successful rearrangement of the
TCR3 locus is compatible with cells going on to become
either y/ or a43 T cells.
Materials and methods
Mice
C57.BL/6 mice, TCR3-/ -, and TCR8-/- mice were obtained
from the Jackson Laboratories (Maine). TCRa- / - mice were
described previously [24], and maintained in specific pathogen-
free conditions. Unless otherwise stated, mice were approxi-
mately six weeks old at the time of sacrifice.
Preparation of thymocyte subsets
Freshly removed thymi were passed through wire mesh
screens, washed in Hepes-buffered RPMI-1640 containing
5 % fetal calf serum and resuspended at a concentration of one
thymus per 10 ml phosphate buffered salt (PBS) with % fetal
calf serum. Cytotoxic depletion was performed using the D9
anti-CD8 and 172.4 anti-CD4 antibodies. After 30 min incu-
bation on ice, 3 ml young rabbit serum was added for com-
plement. Incubation was continued for 30 min at 37 C.
Purification of the thymocyte subsets was performed using a
Histopaque gradient.
Preparation of peripheral lymphocytes
Four TCRat/- heterozygous mice were sacrificed and periph-
eral lymph nodes removed. Cells were collected, washed, and
purified for analysis by FACS.
Isolation of dendritic epidermal T cells
Ten six-week old C57.BL/6 mice were shaved and skinned.
The subcutaneous fatty tissues were removed by scraping and
the skin was cut into 1 cm strips, which were soaked, dermal
side down, overnight at 4 C in 20 ml Trypsin-GNK (100 ml
Trypsin-EDTA (Gibco), 6.2 g NaCI, 0.7 g KCI, 1.7 g glucose,
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water to 1700 ml, pH to 7.6 with NaHCO 3). Epidermis was
scraped from dermis, filtered through a Nitex nylon mesh, and
purified over Histopaque 1.083. Interface epidermal cells were
then stained for FACS.
Isolation of gut intra-epithelial lymphocytes (IELs)
Mice were sacrificed and the small intestine removed and
flushed to remove detritus. Peyer's patches were excised, and
the gut slit lengthwise and cut into 1 cm sections. Sections
were incubated for 20 min at 37 C, with shaking, in PBS
containing I mM EDTA and 1/4000 DIFP (diisopropylfluo-
rophosphate; Sigma). Supernatant was removed and fresh
PBS-EDTA-DIFP added for a further 20 min incubation. The
supernatants were pooled and DTE (dithioerythritol) was
added to a final concentration of 0.5 mM. The mixture was fil-
tered through gauze, pelleted and washed twice. The cells
were purified over a 70 % Percoll gradient, pelleted and
washed prior to staining for FACS.
Fluorescence-activated cell sorting (FACS)
Using standard protocols, depleted thymocytes were stained
with fluorescein isothiocyanate (FITC)-conjugated anti-CD25,
PE (phycoerythrin)-conjugated anti-HSA, and allophyco-
cyanin-conjugated anti-CD44. Peripheral cells were stained
with either FITC-conjugated H57 (anti-TCR3) or PE-conju-
gated GL-3 (anti-TCR y8), or, in the case of TCRo'+/ - lym-
phocytes, PE-conjugated anti-Thy-1 and FITC-conjugated
GL-3 antibodies. Analysis and sorting was done using a FAC-
Star Plus Flow Cytometer (Becton-Dickenson). Gates were set
on forward and side scatter of unstained cells,
Isolation of DNA
DNA was isolated using standard protocols involving lysis by
proteinase K, subsequent organic extraction steps, and ethanol
precipitation.
PCR
Using 500 ng high-molecular weight DNA as substrate, PCRs
were performed under standard conditions (up to 35 cycles) in
a Perkin-Elmer thermocycler using Pfu polymerase (Strata-
gene). Products were separated on agarose gels and purified
using standard protocols. DNA from non-lymphoid tissue was
used as a negative control and failed to produce any amplified
products. The following primers were used.
V84 CTGGAGATCTCCGACTCGAGCTGGGG
V85 TGCACGTACAATGCGGATTCTCCAA
J81 AGTCACTTGGGTTCCTTGTCC
Vyl GTGAACTCATCCTCATTTCC
J'y4 GGGAATTACTACGAGCTTTGTCCC
VP4 GAGGCCTCTAGAGTTCATGT
VP35 GGGGTTGTCCAGTCTCCAAG
V313 AACAGTTGCCCTCGGATCGA
V316 CCCAGTTTCTAATCACCTAT
JP2.2 CAGCTTTGAGCCTTACCAAAGTA
J[32.5 GAGCCGAGTGCCTGGCCCAAAGTA
JP2.6 TAAAACCGTGAGCCTGGTGC
RFLP
Amplified PCR products were digested as follows: with Hinfl
for Vo4-J81, VP4-J[2.2, VP4-JP2.5, VP5-JP2.6 and VP16-
JP2.2 products; with HaeIII for Vo5-J81 products; with DdeI
for Vyl-Jy4 products; and with ClaI for V313-J32.2 prod-
ucts. Fragments were labelled with the forward reaction of
T4 polynucleotide kinase (Boehringer Mannheim) using
[y32P]ATP and standard conditions. The reaction was purified
over a G-50 Sephadex spin column and precipitated in 2 M
ammonium acetate to remove unincorporated nucleotides.
Fragments were separated on a 6 % denaturing polyacrylamide
gel that was dried for autoradiography. Sequencing ladders
were calibrated by reference to published sequences and frag-
ments of known sizes. Densitometry was performed on a Bio-
Rad Laboratories 1650 transmittance-reflectance scanning
densitometer with a Hoefer Scientific Instruments GS-370
electrophoresis data-reduction system.
RFLP quantitation
The expected frequencies of productive and non-productive
joins are calculated on the assumption that in post-natal ani-
mals, gene rearrangements are quasi random, and that 2/3 of all
rearrangements will, therefore, disrupt the reading frame and
1/3 will preserve it. For any population 'selected' on the basis
of a productively rearranged TCR gene, one would expect
71.4 % of rearrangements to be in-frame. This is because 1/3
of the 9 starting cells, will productively rearrange the gene at
the first attempt, and generally cease further rearrangement
because of allelic exclusion. Of the six remaining cells that
non-productively rearranged the gene, four will also non-pro-
ductively rearrange the second allele, and being unable to pass
the 'selection' stage, will be lost from the population sampled.
The remaining two cells will productively rearrange the second
allele. Thus, the 'selected' population will contain five of the
original nine cells in which five TCR alleles are productively
rearranged, two are non-productively rearranged and three are
germline. As germline alleles are not sampled by PCR-RFLP,
only seven alleles are sampled, of which five (71.4 %) are
productively rearranged.
For TCRy gene rearrangements in the ot3 T cell progenitors,
seen in Figure 4, one would expect 20 cells (12+8) to contain
non-productive rearrangements of both TCRy alleles (40 out-
of-frame alleles), and 36 cells to have random TCRy gene
rearrangements, because the TCR8 gene is out of frame on both
alleles in this subset. This subset will therefore contain 20 in-
frame y alleles, 40 out-of-frame y alleles and 12 germline y alle-
les. In summary, the expected frequency of productive TCRy
gene rearrangements sampled is 20/100 = 20 %. In reality, this is
a maximum estimate for the fraction of in-frame TCRy alleles,
because some of the 36 8-/- cells will not rearrange the TCR-y
genes. Therefore, the estimate is best expressed as < 20 %.
For TCR8 gene rearrangements in c3x T cell progenitors, seen
in Figure 4, the derivation of the expected frequency is
explained in the text and the Figure legend.
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